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ABSTRACT 


Conical  shaped  charge  liners  manufactured  by  the  rotary  extrxislon 
process  exhibit  a  characteristic  "spin  compensation"  not  found  In  an 
ordinary  liner.  It  has  been  determined  that  this  ability  to  covmteract 
degradation  of  the  jet  when  the  round  Is  being  subjected  to  an  external 
rotation  is  dependent  on  the  manner  in  which  certain  crystal  pleuaes  are 
aligned  with  respect  to  the  surface  of  the  cone.  Direct  correlation 
between  the  preferred  orientation  of  the  planes  and  the  spin  conqpensation 
frequency  has  been  found.  In  addition,  it  has  been  demonstrated  that 
other  factors,  such  as  residual  stress,  grain  shape,  etc.,  do  not 
Influence  the  compensation  rate. 


It  Is  proposed  that  under  detonation  loading  there  exists  a 

uuiu^uxiciiL»  UJ.  uuj.j.a^c>c  vcxuuxoj  kj±  i/uc  WCI4.J.  xd  uvw  txxx  ucu. 

toward  the  axis  of  the  cone.  This  tangential  coiiq>onent  results  from 
the  preferred  orientation  of  the  crystal  planes,  and  gives  an  angular 
velocity  to  the  collapsing  cone  elements  that  compensates  for  the  angular 
velocity  due  to  external  rotation  of  the  round.  E3q)erlmental  evidence  is 
offered  to  show  that  a  metal  having  a  strong  preferred  orientation  will 
deform  anlsotronlcallv  under  detonation  loadlne. 
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I.  INTRODUCTION 


This  paper  reports  the  results  of  an  investigation  into  metal- 
Ixtrgical  or  "built-in"  spin  compensation  in  conical  shaped  charge  liners, 
end  offers  an  explanation  for  the  existence  of  this  phenomenon.  .Spin 
con5)ensation  is  the  ability  of  a  shaped  charge  to  compensate  for  em 
external  rotation  applied  to  it,  thus  allowing  the  jet  formed  by  the 
liner  to  be  normal  and  imsd'fected  by  the  external  rotation.  This 
implies  that,  during  collapse,  the  liner  elements  are  given  a  rotation 
equal  and  opposite  in  magnitude  to  the  rotation  applied  to  the  system. 


Th0  theory  of  shsped  chsrgc  operstion  was  formulated  by  Pugh  and 

12*  _ 
coworkers,  ^  and  extended  by  the  systematic  analysis  of  kichelberger 

3  4 

*  .  The  pressures  experienced  by  the  conical  shaped  charge  liner, 
during  the  explosive  detonation,  were  considered  high  enough  to  cause 
the  metal  to  react  as  a  fluid  j  and  hydrodynamic  theory  was  applied. 

The  liner  collapses  toward  its  axis,  where  part  of  the  metal  goes 
forward  rapidly  as  a  Jet,  and  the  remaining  metal  forms  a  slower  moving 
slug. 


Figure  1  shows  a  cross  section  of  a  shaped  charge  round.  General 
use  has  been  with- fin- stabilized  rounds,  but  many  requirements  exist 
for  spin- stabilized  projectiles  having  rotational  frequencies  reinging 
from  45  rps  to  approximately  2000  rps.  Under  rotation,  the  Jet  from  a 
normal  shaped  charge  liner  bifurcates,  or  breaks  up  into  parallel  ribbons 
of  material,  as  seen  in  Figure  2.  Figure  3  is  a  curve  showing  the 
penetration  depth  of  a  normal  liner  vs.  the  frequency  of  rotation  of  the 
round.  The  decrease  in  penetration  is  directly  related  to  the 


-Pn  Y*  r»  Q  "I  r\r\  r\-f* 

k/ wu.  WJL1../4.A  V/X  ^  w  • 


The  problem  of  obtaining  a  liner  that  will  provide  spin  conpensatlon 
has  been  recognized  for  a  number  of  years,  and  numerous  schemes  have  been 
tried  to  produce  a  spin- compensating  round.  The  most  successful  approach 
to  date  has  been  the  use  of  liners  with  fluted  inner  and  outer  walls, 
and  is  currently  under  development  by  Elchelberger  «ad  eoworkers. 


Numbers  above  the  line  refer  to  the  blbliogr^hy  at  the  end  of  the 
paper , 
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CROSS  SECTION  OF  A  SHAPED  CHARGE  ROUND 


UNOUb^iritt) 


THE  JET  OF  A  SMOOTH  105  MM  LINER  IS  SHOWN  TO 
SPREAD  WHEN  THE  SHAPED  CHARGE  IS  ROTATED.  ROTATIONAL 
rnc.wuc.i^v.,ico  run  i  ncoc.  otiD  Mnt  vai  u  rtr^,  Vd;  id  RP5, 
(c)  30  RPS,  (d)  45  RPS,  AND  (e)90. 


Cl/^l  IDC 
I  iwur«k. 


UNCLASSIFIED 


FIG  3 -EFFECT  OF  ROTATION  ON  PENETRATION 

FOR  105  MM  Cu  LINER 
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A  method  used  to  achieve  limlteu  spin- compensating  frequencies 
that  does  not  depend  on  geonetrlcal  changes  of  the  liner  was  discovered 
during  the  Investigation  of  a  manufacturing  technique  for  shaped-charge 
cones.  The  process  is  known  as  the  "rotary- extrusion"  or  "sheM'— forming" 
process,  and  is  a  mechanical  modification  of  the  standard  metal- spinning 
technique.  A  round  blank  of  metal,  slightly  cupped  In  the  center,  is 
held  firmly  against  a  rotating  mandrel  (see  Figure  4).  A  circular, 
friction-driven,  Carboloy  tool  moves  in  against  the  metal  blank  and 
travels  down  the  side  of  the  mandrel,  maintaining  a  preset  distance 
between  the  mandrel  and  the  tool  edge.  The  pressure  exerted  by  the 
tool  forces  the  metal  blank  to  assume  the  conical  shape  of  the  mandrel 
and  a  thickness  equal  to  the  preset  distance.  Once  the  cone  is  formed, 
the  excess  bleink  material  is  removed  from  the  cone  base.  Critical 
factors  in  the  process  are:  the  shape  of  the  tool  edge;  the  velocity 
of  mandrel  rotation;  the  velocity  at  which  the  tool  travels  down  the 
mandrel;  the  blank  hardness;  the  direction  of  rotation  of  the  mandrel; 
and  the  temperature  of  the  finished  cone. 

The  fact  that  Jets  from  cones  manvifactured  by  this  process 
bifurcated  when  fired  statically,  indicated  the  possibility  that  spin 
compensation  was  present  in  the  liner.  Work  by  Winn"^  showed  a  spin- 
compensating  frequency  of  45  rps,  taken  from  the  penetration-rotation 
curve  reproduced  in  Figure  5.  This  frequency  is  too  low  for  most 
applications,  but  could  be  useful  for  special  slow- spin  rounds. 

Studies  were  begun  to  determine  the  cause  of  this  "built-in"  spin 
condensation. 
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A  ROTATION  AROUND  THE  APEX 
TO  ACCOMMODATE  DIFFERENT 
CONE  ANGLES.  } 


I  ^LIVE  CENTER 


/\ 


F!G=  4- SCHEMATIC  DIAGRAM  OF  THE  ROTARY 
EXTRUSION  PROCESS. 


PENETRATION  -  INCHES 
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FIG.  5-  ROTATION- PENETRATION  CURVE  FOR 
A  ROTARY  EXTRUDED  LINER. 

(FROM  FIRESTONE  TIRE  AND  RUBBER  CO.) 


A. 


PREVIOUS  IMVESTIGATIONS 


Methods  of  Observing  Spin  Ccanpenaatton 
The  two  principal  means  of  observing  spin  compensation  in  a 


shaped  charge  are: 


1.  Penetration- rotation  studies. 

2.  Flash  X-Ray  studies  of  the  Jet  at  different  rotation 
frequencies . 

The  first  method  is  rather  laborious^  since  a  nuoaber  of  rounds 
must  be  fired  into  targets  at  each  frequency  of  rotation  to  determine 
the  optimum  compensation  frequency  for  the  point  of  maxlmm  penetration. 
The  second  method  consists  of  detonating  rotating  roiuds  wd  teeing 

^  w  w 

flash  radiographs  of  the  Jets.  Simon  and  coworkers  used  three  flash 
X-Ray  units  to  photograph  the  Jet  at  different  times,  euad  showed  (by 
comparing  their  results  with  penetration-rotation  curves)  that  the 
spin  compensation  frequency  may  be  taken  as  the  frequency  at  which  the 
Jet  is  the  least  bifurcated.^*  ^ 


B.  Results  of  PreviouB  Investigations 

The  spin-compensation  frequency  of  a  rotary-extaruded  liner  varies 

with  the  speed  of  the  tool  down  the  mandrel.  Present  data  indicates 

that  the  variation  is  not  linear  and  that  the  same  speed  on  blanks 

rotated  clockwise  and  counterclockwise  produces  spin  frequencies  of 

15 

opposite  sign  but  not  of  equal  magnitude.  A  number  of  experiments 
have  been  performed  in  the  past  to  determine  the  mechanism  causing  this 
spin  compensation.  Following  is  a  brief  list  of  the  more  slgniflceuit 
results  obtained: 

1.  An  empirical  relationship  exists  between  the  "angle  of  twist" 

given  to  scribe  lines  placed  on  the  blank  before  forming,  and  the 

12 

compensation  frequency. 


rvluVU.  dLKz  uLLTlng  pcLI^cUScl/SPS  of  f  €C‘v  'tO  B, 


spin  compensation  frequency  but  not  the  penetration  at  optimum  frequency, 


l6 
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5.  Annealing  a  rotary- extruded  cone  above  its  recrystallzation 

14 

tenii)erature  destroys  the  spin  compensation. 

4.  Electroformed  liners  spin  compensate  at  frequencies  as  high  as 
40  rps  vhen  the  mandrel  on  which  the  cones  are  formed  is  not  rotated 
during  forming.  Rotation  of  the  mandrel  during  the  electro-forming 
operation  eliminates  the  spin  compensation. 

5.  Metals  other  than  copper  also  show  compensation  when  rotary 
extruded.  For  instance:  Armco  Iron  shows  a  compensation  frequency  of 
60  rps  under  certain  manufacturing  conditions;  brasses  compensate,  as 

do  nickel  liners.  Lead- antimony  does  not  show  any  compensation  when 

^  ^  .  22,  17,  18,  19 

rotary  extruded,  f  '  f 

6.  Rotary- extruded  liners  have  a  strongly  preferred  grain 

orientation.  In  single- crystal  aluminum  liners  when  the 

direction  lies  along  the  liner  axis  the  results  are  the  sane  as  for 

normal  liners,  but  when  the  ^110 >  direction  lies  along  the  liner 

20  21  22 

axis,  the  jet  bifurcates.  *  * 

7.  Liners  machined  from  cylindrical  bars  of  copper  and  given  a 

25 

torsional  twist  around  the  cylinder  axis  show  no  ccxnpensatlon. 
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C.  Theoretical  Considerations 


A  simplified  representation  of  the  effect  of  rotation  on  the 
shaped  charge  is  seen  in  Figure  6,  a  and  h.  One  element  in  a  cross- 
sectional  ring  from  a  conical  liner  is  considered.  This  element  will 
have  a  collapse  velocity  of  directed  toward  the  cone  axis  (Figvire 
6a).  If  an  external  rotation  of  o)  is  imposed  on  the  cone,  each  element 
in  a  circular  ring  will  be  directed  off  the  cone  axis  by  an  amount 

2  * 
usr 

r*  - Q— ■  ■- —  (Figiire  6b).  If  all  elements  perform  similarly, 

Vo  cos  (^-p) 

the  Jet  will  rotate  and  separate  or  bifurcate  as  it  moves  toward  the 
target.  The  compensation  in  a  liner  must  therefore  be  equal  and 
opposite  to  the  external  rotation  to  cancel  this  effect. 

Several  theories  have  been  proposed  concerning  the  cause  of  the 
built-in  spin  compensation  in  rotary- extruded  liners.  These  theories 
are  discussed  in  detail  in  the  specific  sections  dealing  with  investi¬ 
gations  concerning  them,  but  a  brief  outline  of  them  is  presented  here. 

1.  Residual  Stress  Effect.  If  a  residual  stress  exists  in  the 
cone,  arising  from  the  manufacturing  process,  and  if  this  stress  is 
properly  oriented  with  respect  to  the  cone  axis  a  greater  resistance 
to  collapse  is  offered  by  the  stress  in  one  direction.  A  slight  torque 
is  produced  in  the  liner  element  which  can  then  compensate  for  the 
rotation  Imposed  externally. 


^o  _  '^o  Cos  (Q  +  p) 


In  deriving  this  equation,  the  relationship 


is  used,  and  it  is  assumed  that  r' r  when  car  <<  V  Cos  (— J--^). 

o  o  ^ 

(See,  for  instance,  the  Ordnance  Corps  Shaped  Charge  Reports,  Volume 
1,  1954,  or  Volume  I-56,  1956;  and  Critical  Review  of  Shaped  Charge 
Information,  BEIL  Report  No.  905^  May,  1954). 


18 


COLLAPSE  DIRECTION 
AND  VELOCITY  OF 
CONE  ELEMENT 


Q)Tq 


FIG.  6 -SCHEMATIC  OF  CONE  COLLAPSE  WITH  ANGULAR  VELOCITY 


2.  Preferred  Grain  Shape  and/or  Impurity  Distribution.  Under 
the  hydrodynamic  theory  of  collapse,  the  metal  flows  without  regard 
to  crystal  structure.  Since  grain  boundaries  eire  harder  than  the 
grains  at  room  temperature,  an  arrangement  of  elongated  grains  may 
be  assumed  whereby  an  "easy-flow”  direction  exists  due  to  the  grain 
shape.  If  this  easy  collapse  direction  is  properly  oriented  with 
respect  to  the  cone  axis,  the  component  of  collapse  directed  off 
the  cone  axis  can  provide  compensation  for  a  component  of  collapse 
that  arises  from  the  external  rotation. 

Impurity  distribution  could  lead  to  the  same  thing,  because 
of  the  increased  hardness  of  the  impurities  compared  with  the  base 
metal.  Combinations  of  grain  shape  eind  Impurities  would  give  rise  to 
the  same  effect. 

5.  Preferred  Orientation  Effect.  Experiments  on  single  crystals 
Indicate  that  different  orientation  of  certain  planes  to  the  cone  axis 
give  different  effects  on  jet  foimatlon.  Conseq,uently  the  presence  of 
a  preferred  orientation  of  the  crystal  structure  in  the  rotary- extruded 
cones  coiild  give  the  same  reaction  as  the  single  crystal;  that  is, 
provide  a  path  down  certain  planes  where  the  deformation  wave  could 
move  more  easily  than  in  the  rest  of  the  metal.  This  would  give  a 
preferred  collapse  direction  and  conseq^uently  give  rise  to  spin  compen¬ 
sation  . 

4.  Combinations .  Combinations  of  any  of  the  possible  causes  listed 
above  could  produce  the  observed  effect.  Possibly  none  of  the  effects 
listed  are  important,  and  some  other  mechanism  should  be  considered. 
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EXPERIMEN'i‘/iL  PROCEDURE 
AND  RESULTS 


An  investigation  using  eleven  different  lots  of  cones  was  conducted 
to  determine  the  cause  of  spin  compensation  in  rotary  extruded  liners. 

ilidUli  J.U  U  U±  UUiiCiD  JJ.CLLL  Cl  U.4.J.  J.  Cl  CTil  U  CUiUpCliO Cl  U JLUli  1  1  Cl^UCllC^  ^  U.UC  UU 

being  formed  with  a  different  speed  of  movement  of  the  tool  down  the 
m£indrel.  By  rotating  the  mandrel,  with  the  blank  attached,  clockwise 

/^v»  r»/^'»Tr»  + n  r\r»lrt.T^  ca  t.rVian  -P-i^/Mrn  ■+-Via  V^ocA  e2'T^^  in  /n/nimmon  o  q+ ^ /Mn 
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was  made  to  occur  in  either  a  counterclockwise  or  clockwise  direction 
(designated  -  or+respectively,  in  the  rest  of  the  report).  The  range 
of  compensation  frequencies  in  the  eleven  lots  of  liners  was  from  -30 
to  +45  rps  as  determined  by  J.  Simon.  Table  I  lists  some  of  the 
parameters  important  to  the  spin  compensation  effect  for  the  eleven 
lots  of  liners. 


The  blank  material  used  in  the  manufacturing  process  was  OFHC 
(oxygen-free^  high  conductivity)  copper,  O.25O"  thick  and  5"  in  diameter. 

mVi  ^  ^  -P  .-V  4  <-»  Vi  -n^  4  v>\  n  n  /-^j^<-k‘+-4  /*%•»-»  4  tr\  T?  4  t  ^  *7  T  4*  V» T  T 

J.XiC;  CUllC  lUl  UiCU.  XC>  DIIUWIX  J.11  Cl  UO  D— OCC  XXI  !■  xguj.  C  XO  iicio  Cl  WOXX 

..  n 

thickness  of  0.090",  an  apex  angle  of  45”  and  an  overall  base  diameter 
of  3.25”.  Figure  7  also  illustrates  the  "angle  of  twist"  mentioned 
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This  was  determined  for  each  lot  of  liners  by  measuring 


the  displacement  at  the  base  of  the  scribe  lines  marxed  on  ^ne  Dianx. 
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of  F,  even  though  the  cone  is  cooled  during  rorming. 

was  removed  from  the  base  of  the  finished  product. 
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jjjxcess  material 


The  experiments  performed  on  this  problem  are  reported  in  the 
following  sections.  The  results  of  the  investigations,  together  with 
tentative  conclusions  are  reported  in  each  section,  and  general  con¬ 
clusions  are  made  under  Section  IV. 


On 
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TABLE  ][ 


•  I  t  Manufacturing  Parameters  and  Propertiles  of  Rotary  Extruded  Copper  Liners  Investigated 


Cone  Ix>t 
Lettesr 

Mandrel  Speed 
rpm 

Tool  Speed 
"/min 

Angle  of 
Tvrist(deg. ) 

Cone 

Tem^ieratiire  r 

Jifandrel  Rotation 
Direction 

Slpin  Compensation 
Frequency  rps 

A 

16100 

4.83 

-15 

300 

cloclnrlse 

-25 

i 

B 

i€kx) 

2.67 

-10 

290 

cloclnflse 

-20 

C 

ifioo 

0.78 

-4 

265 

cloclcwlse 

-8 

D 

16)00 

0.75 

0 

260 

counterclockwise 

+10  > 

E 

lf)00 

1.13 

+5.5 

235 

covinterclockwise 

+10 

F 

16)00 

H 

• 

00 

+10 

260 

counterclockwise 

■>•15 

G 

16)00 

2.49 

->•15 

265 

coiinterclockwlse 

420  1 

H 

16)00 

3.74 

420 

285 

counterclockwise 

422 

I 

16)00 

5.67 

425 

265 

counterclockwise 

422 

J 

1800 

11.70 

+34 

310 

counterclockwise 

K 

1800 

17.02 

4-45 

310 

counterclockwise 

I 
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1.  Theoretical.  The  rotary  extrusion  process  undoubtedly  leaves 
a  residual  stress  In  the  cone.  It  should  be  noted,  however,  that 
surface  t^iperatures  of  300^F  are  neasured  even  though  the  cone  is  being 
cooled  during  forming.  Maximum  temperatures  in  the  cone  are  probably 
one  to  two  hundred  degrees  higher.  Ifader  such  tenqperature  conditions^ 
it  would  be  unlikely  that  a  large  eunount  of  residual  stress  would  be 
present  In  the  lattice. 

2U 

Carrier  and  Prager  concluded  that  the  stress  necessauTr  to  produce 

VtovvA  +/^  VkA  o  aVioft-r*!  ncr  fl-h-rAflfl .  A.nH  AriftlvTiAfl  •fehe 

effect  of  this  type  of  stress  on  the  performance  of  a  collapsing  ring 
taken  from  the  cone  as  shown  in  Figure  8,  a,  b  and  c.  The  following 
symbols  are  used: 

1  =  length  of  the  section 

a  =  radius  of  the  section 

6  =  wall  thickness 

T  =  residual  stress  In  the  wall, 

distributed  as  seen  In  Figure  8b 

Z  ^  CljfCUj.ax^  cleulcnu  SXi.3 

p  ■  density  of  copper 

Y  «  yield  stress  of  copper 

V  »  velocity  of  the  shock  wave 

In  the  metal 

r  a  distwce  from  the  element  being 
considered  to  the  cylinder  axis 


It  Is  assumed  that: 

(a)  The  residual  shearing  stresses  are  not  destroyed  by  shear 
waves  from  another  peirt  of  the  cylinder,  because  the  cylinder  collapses 
under  the  Influence  of  a  detonation  wave  that  travels  with  a  velocity 
faster  than  the  velocity  of  shear  waves. 
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(b)  The  shearing  stress  cein  make  itself  felt  during  the 
time  necesseiry  for  collapse  of  the  section. 

The  shearing  stress,  x.  will  then  give  an  angular  velocity 
oj  to  the  element.  Since  the  Jet  comes  from  the  inner  wall  of  the  cone 
and  the  slug  from  the  rest  of  the  wall,  the  Jet  and  slug  would  be 
spinning  in  opposite  directions  because  of  the  opposite  orientation  of 
shearing  stresses  shown  in  Figure  8.  If  fl  is  the  rotation  velocity  of 
the  Jet,  the  following  equation  is  derived  for  the  Jet  element  a  distance 
D  from  the  Jet  axis*; 


n  = 


Y5 

2nVD 

—  I-  '  — 


*^0  a 
pV 


(1) 


Applying  the  equation  to  a  105mm  copper  liner.  Carrier  and  Prager 
concluded  that  the  residual  stresses  that  might  be  present  in  a  copper 
cone  coxild  give  a  20  rps  spin  compensation  frequency. 

The  present  authors  have  assumed  that,  if  a  shearing  sti'ess 
may  be  retained  in  the  material  of  sufficient  magnitude  to  cause  the 
desired  effect,  a  simple  analysis  will  approximate  the  stress  conditions 
in  the  material  to  at  least  as  high  a  degree  of  accuracy  as  that  exi)ected 
from  the  assumptions  of  Carrier  and  Prager.  Using  two-dimensional 
elastic  theory,  a  system  of  stress  as  seen  in  Figure  9  is  described  by  a 
polynomial  stress  function  of  the  fifth  degree  when  certain  substitutions 
are  made  (See,  for  Instance,  Timoshenko  and  Goodler,  "Theory  of  Elasticity"). 
The  following  relations  are  developed  by  this  simplified  approach; 


c^  =  d^  (x^y  -  2/3y^) 


(2) 


dy  =  1/5  d^y^  (3) 

X  = 

-  xy  5 

For  a  complete  description  of  this  analysis,  see  Reference  24. 
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(4) 


where:  a  ,  a  =  stresB  in  the  x  and  ^  directions,  respectively 
X  y 


T  =  shearing  stress  in  the  (x,y)  plane 
xy 


d 


5 


=  constant 


The  shearing  forces  are  proportional  to  x  along  the  longitudinal  sides 


-f  A  l»<t«  _  *1 


The  equations  may  be  used  in  residual  stress  analysis  only 
if  it  is  realized  that  they  apply  to  changes  that  take  place  when  the 
cone  is  cut  and  may  not  measure  the  "absolute”  residual  stresses.  Since 
the  major  stresses  present  in  the  cone  will  probably  be  a  and  a  ,  emd  em 

JC  2 

apparent  a  will  develop  from  the  combined  stresses  upon  cutting  the  cone, 

y 

we  may  use  the  procedure  Illustrated  in  Figure  10  to  analyze  the  stress 
pattern.  If  the  cuts  are  made  carefxilly  to  avoid  heating,  the  deflection 
resulting  in  the  cut  section  may  be  assumed  to  result  from  an  apjwrent 
normal  stress  in  the  ^  direction.  Cuts  made  in  the  x  and  z  directions 
and  strain  measurements  in  those  directions  will  provide  Information 
for  obtaining  the  magnitude  of  the  sheeiring  stress  that  may  be  present. 


where: 


Using  the  equations: 


(5) 

(6) 


€  =  strain  in  the  x  direction 

X  — 

e  =  strain  in  the  ^  direction 
z  — 

E  =  Young’s  Modulus  =  17  x  10^  p.s.i.  for  copper 

V  =  Poisson’s  Ratio  =0,55  for  copper 
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FIG.  9- STRESS  SYSTEM  USED  FOR 

CALCULATING  RESIDUAL  SHEARING 
STRESSES. 


FIG.  10 -STRESS  SYSTEM  APPLIED  TO  CONE  WALL 
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a  ,  a  ,  axe  the  stresses  in  the  x  and  z  direction,  as  before, 
and  measuring  the  strains  and  the  stress  in  the  x  direction  may 

be  found.  This  value  is  then  substituted  into  equation  (2)  and,  knowing 
the  position  where  the  measurement  is  made  so  that  the  values  for  x  and 
^  are  known,  the  constant  d^  may  be  found.  ‘  This  constant  is  then  used 


to  solve  equation  (4)  for  the  shearing  stress. 


xy 


From  this  analysis  an  "order- of-magnitude”  value  of  shearing 
stress  may  be  found  for  comparison  with  the  values  of  shearing  stress 
required  by  the  Carrier  and  Prager  analysis. 


2.  Experimental  Procedtire  and  Results.  The  resvilts  obtained  in 
the  strain  measurements  must  be  related  to  the  spin  compensation  of  the 
liner  used.  This  requires  either  assuming  the  spin  compensation  Is  the 
same  from  the  base  to  the  apex  of  the  liner  and  therefore  the  residual 
stress  varies,  or  the  residual  stress  is  the  same  from  the  base  to  the 
apex  and  the  spin  compensation  varies.  In  either  case,  results  must  be 
Interpreted  with  respect  to  the  position  on  the  liner  at  which  the 
measurements  were  made. 

a.  Rosette  Pattern  Measurements.  A  preliminary  series  of 
experiments  was  run  to  determine  the  maximum  residual  shearing  stress 
in  the  surface  of  the  cone.  A  rosette  pattern  of  strain  gages,  as 
shown  in  Figure  11,  was  placed  on  rotary  extruded  cones  from  a  group 
not  in  the  series  A-K  discussed  in  this  report.  Three  cuts  were  made 
in  the  cone  and  the  strains  measured  after  each  cut.  Three  different 
cones  were  tested,  and  (using  a  Mohr’s  circle  solution)  the  residual 
stress  in  the  cone  siurface  is  determined. 


The  maximum  residual  shearing  stress  determined  in  this 
way  is  7^2.5  psi. 

b.  Strain  Gage  Measvirements  of  Vertical  and  Horizontal  Strains. 
On  the  basis  of  the  theoretical  approach  described  in  the  previous 
flection,  and  since  the  rosette  pattern  measurements  indicated  the  probable 
presence  of  a  measurable  stress,  cones  from  Lots  B,  D.  and  J  were  tested 
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to  determine  the  residual  strains  in  the  x  and  z  directions.  Cuts  were 
made  in  the  cone  wall  to  allow  measurement  of  strain  with  strain  gages, 
and  equations  (2)  through  (6)  were  used  to  calciHate  the  shearing 
stresses. 

In  addition,  using  equation  (l)  the  residual  shearing  stresses 
required  by  the  Carrier  and  Prager  analysis  in  cones  from  Lots  B,  D, 

J  may  be  calculated. 

This  work  was  ceirried  out,  and  the  calculated  and  measiired 
values  are  shown  in  Table  II. 


Table  II 

Comparison  of  E:q)erlmental  and  Theoretical 
Residual  Shearing  Stresses(‘r^) 


Cone 

Lot 

a 

X 

Experimental 

“^xy 

From  Ebcperimental 

Prom  Carrier 

Spin 

and  Prager  Compensation 

B 

1130  psi 

56  psi 

764  psi 

-20  rps 

D 

530  psi 

27  psi 

340  psi 

+10  rps 

J 

1560  psi 

78  psi 

900  psi 

+25  rps 

The  values  used  for  these  calculations  in  equations  (2)  through 
(4)  are:  X  =  1  inch  and  Y  =  O.OpO  inches. 

Two  sources  of  error  are  apparent:  the  first  being  the  two- 
dimensional  analysis  used  in  the  calculations  although  this  will  be  In 
error  by  a  factor  of  (l  -  v  )  only;  the  second  is  the  integrating  effect 
of  the  strain  gages.  The  assujmtion  of  a  lo'ad  in  the  v  direction,  which 
is  used  to  create  a  shearing  stress  similar  to  the  one  assumed  by  Carrier 
and  Prager,  requires  only  a  very  small  load  in  the  cases  considered  and 
introduces  no  more  error  than  their  assunjjtions.  The  heating  effect  on 
the  cones  does  not  remove  all  stresses  during  manufacture,  but  undoubtedly 
reduces  them  considerably. 
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The  results  of  the  residual  stress  Investigations  Indicate 
that  the  shearing  stresses  are  too  low  to  cause  the  observed  spin 
compensations.  Experimental  Investigations,  reported  In  the  next 
section,  confirmed  these  observations. 

5.  Annealing  Experiments  to  Check  the  Effect  of  Residual  Stress. 

To  check  the  conclusion  that  the  residual  stress  Is  uni]i^>ortant  In  spin 
coBopensation,  a  series  of  e3q)eriments  was  devised  to  determine  the  effect 
of  the  residual  stresses  on  spin  conpensation  without  actually  measuring 
the  magnitude  of  the  stresses. 

During  the  annealing  of  a  cold-worked  metal,  three  changes 
occur  in  the  material;  recovery  (with  polygon! zation  following  or 
occurring  at  the  same  time);  recrystalllzatlon;  eind  grain  growth. 

Recovery  may  be  looked  upon  as  a  low  ten5)erature  re- adjustment  of  the 
atomic  structure  that  effectively  eliminates  the  residual  macro-stresses 
In  the  material  without  changing  the  crystal  arrangement.  Therefore, 
during  recovery,  the  same  preferred  orientation  and  grain  shape  and 
distribution  are  retained.  During  recrystalllzatlon,  new  grains  and 
new  preferred  orientations  are  formed,  and  remaining  local  microstresses 
are  eliminated.  During  grain  growth,  certain  grains  become  large  at  the 
expense  of  the  rest.  Figure  12  Is  a  schematic  representation  of  the 
change  of  macro-stresses  in  the  material  with  temperature. 

During  the  cold  reduction  of  dead- soft  OFHC  copper,  as  occiirs 
In  the  rotary-extrusion  process,  the  material  attains  a  near-maximum 
hardness  within  the  first  15-205^  of  the  reduction.  The  hardness  is 
related  directly  to  the  residual  macro- stresses  in  the  metal,  and  a 
hardness- teii5)erature  curve  would  look  very  similar  to  Figure  12.  By 
proper  annealing,  the  resldueil  macro- stresses  may  be  effectively  reduced 
to  zero  without  changing  the  material  as  far  as  structure,  preferred 
orientation,  etc.  are  concerned.  Annealing  cycles  were  determined  for 
cones  from  several  lots  of  liners,  and  the  structure  was  checked  vising 
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FI6.  12 -STRESS-TEMPERATURE  VARIATIONS  IN  A  METAL 


X-rays  and  opticsil  methods  to  determine  the  points  where  changes 
began.  From  these  data,  hardness -temperature  curves  were  established 
for  several  lots  of  cones.  Table  III  shows  the  data  for  cones  from 
Lot  A. 


Table  III 


Results  of  Annealing  Liners  from  Lot  A  for  1/2  Hoar 


Annealing 

Temperature 

°F 

Rockwell  "F" 
Hardness 

X-ray  and  Metallographic  Data 

325 

(Dd 

\S\ 

No  change  In  preferred  orlentatlon- 
no  change  In  the  grain  structure  or 

370 

84 

Impurity  distribution 

410 

84 

!l 

460 

81 

It 

70 

tt 

525 

65 

it 

545 

52 

tt 

Slight  change  in  preferred  orienta¬ 

555 

50 

tion  thru  break-up  of  the  heavy 
density  regions;  beginning  of 

575 

47 

recrystallization . 

600 

33 

Recrystallization  complete;  no  trace 
of  previous  orientation;  grain  shape: 

625 

32 

and  impurity  distribution  changed. 

720 

31 

The  time  of  the  anneal  was  l/2  hour  at  each  temperature.  The  temperature 


was  controlled  within  5  degrees  Fahrenheit,  and  each  point  repreaeuts  at 
least  5  checks  of  all  changes. 

Similar  data  were  taken  for  cones  frcan  Lots  H  euad  K,  and  curves 
similar  to  $hat  shown  In  Figure  13^  of  hardness  vs  temperature,  were 
plotted. 
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Using  these  data,  cones  from  Lots  k,  H,  and  K  were  annealed  at 
two  different  temperatures:  a  low  temperature  that  would  eliminate 
the  residual  macro- stresses  without  changing  the  structure,  and  an 
elevated  temperature  that  would  change  the  structure.  These  two 
temperatures  are  noted  for  cones  from  Lot  A  on  the  curve  In  Figure  13. 
The  cones  were  then  tested  to  determine  their  spin-compensation 
frequencies.  The  results  were  as  follows: 

(1)  The  cones  anneeiled  below  the  recrystalllzatlon 
temperature,  to  remove  the  residual  stresses  only, 
showed  no  change  In  spin- compensation  frequency. 

(2)  Ihe  cones  annealed  above  the  recrystalllzatlon, 
temperature  to  produce  structural  changes,  showed 
a  total  loss  of  spin  compensation,  performing  as 
normal,  deep-drawn  liners. 

These  results  were  true  for  all  lots  of  liners  tested. 

3.  Conclusions.  From  the  preceding  experiments,  the  following 
conclusions  are  drawn: 

a.  The  residual  stresses  make  no  significant  contribution 

to  the  spin-compensation  properties  of  the  liner.  The  spin  compensation 
appears  to  be  related  to  a  structure  property. 

b.  The  residual  stresses  present  eire  small  in  comparison  to 
those  needed  to  produce  a  spin-compensation  frequency  of  the  magnitude 
observed.  It  should  be  pointed  out  that  for  residual  stresses  to  affect 
the  spin  compensation  of  a  liner  they  would  have  to  be  of  such  a 
magnitude  as  to  give  the  cancellation  of  spin  frequency  during  the  time 
of  the  collapse  on  the  liner,  and  their  effect  should  be  felt  before 
the  liner  reaches  the  Jet  axis. 

c.  Shearing  stresses  in  a  spun  liner  of  the  type  discussed 
would  produce  a  variable  spin  frequency  from  base  to  apex,  unless  they 
vary  linear^  from  base  to  apex  themselves)  neither  was  observed. 
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Since  the  spin  compensatioi^  5s  apparently  associated  with  a 
structure  property,  the  effects  of  grain  size  and  shape,  impurity 
distribution,  etc.  were  investigated  and  are  discussed  in  the  next 
section. 

C.  Metall ographic  Examination 

1.  Theory .  The  meteil  flow  during  the  forming  process  causes  a 

reorientation  and  change  in  shape  of  the  grains  in  tlie  meteil,  and  a 

\ 

redistribution  of  the  impurities  and  grains  with  respect  to  the 
surfaces  of  the  cone.  An  analysis  of  the  metal  flow  has  been  made 
which  indicates  that  the  relative  movements  of  the  material  near  the 
two  cone  surfaces  are  in  opposite  directions,  and  that  the  material 
between  the  two  surfaces  is  imder  the  Influence  of  a  severe  shearing 
force.  Plastic  flow  during  the  reduction  of  the  thickness  of  the 
blank,  and  the  forming  of  the  cone,  carries  material  down  the  mandrel 
(Figure  4),  but  the  reorientation  of  the  grain  structure  in  the  cone 
is  opposite  to  that  which  would  be  expected  to  result  from  the  friction 
between  the  tool  and  the  copper  blank.  The  copper  has  been  reduced 
SOfjo  in  the  forming. 

By  assuming  that  the  collapse  of  metal  in  the  liner  under 
detonation  loading  will  follow,  to  at  least  a  slight  degree,  the  path 
of  least  resistance,  paths  of  weakness  were  looked  for  metallographicaUy. 
Since  the  grain  boundaries  are  normally  considered  regions  of  high 
strength  compared  to  the  grains,  at  room  temperature,  it  is  possible 
to  imagine  an  arrangement  of  grains  such  as  that  shown  schematically 
in  Figure  l4,  where  easy  collapse  paths  are  present  along  the  grain 
boundaries  or  along  the  grains.  This  would  give  a  preferred  flow 
direction  to  the  element  of  liner  as  it  collapses,  so  that  a  component 
of  the  collapse  would  be  directed  normal  to  the  radius  vector.  This 
component  would  cause  a  rotation  to  be  given  to  the  metal  as  it 
collapsed.  It  is  not  Important  that  the  macro-effect  of  this  tangential 
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(b) 


FIG.  14-SCHEMATIC  OF  ORIENTED  GRAIN  STRUCTURE 


flow  carry  thru  the  cone  wall,  sinct  any  initial  tangential  flow  will 
probably  persist  through  the  collapse  process.  Surface  effects  could 
create  the  necessary  tangential  component  of  velocity  if  they  are 
strong  enough. 

Similarly,  the  alignment  of  non-metallic  inclusions,  which  are 
harder  than  the  base  metal,  could  create  difficult  and  easy  paths  of 
collapse  which  would  cause  a  rotation  in  the  Jet.  Any  physical  change 
In  the  arrangement  of  the  metal  substimcture  that  produced  paths  of 
easy  collapse  woiald  offer  an  explanation  for  the  ’’built-in"  spin 
compensation  found  in  shear-formed  liners.  In  the  following  sections 
these  factors  are  Investigated  by  metallographlc  methods  and  the 
results  are  noted. 

2.  Experimental  Procedtire  and  Resiilts. 

a.  Grain  Structure.  Metallographic  studies  were  made  of  the 
cones  from  each  lot,  using  standard  techniques  and  etchants.  Longitudinal 
and  transverse  samples  were  taken  in  different  places  on  the  cones  to 
insure  adequate  coverage.  Figure  15a,  is  a  photomicrograph  of  the  blank 
metal  before  forming.  Figure  15b,  shows  the  structure  of  a  cone  at  the 
outer  surface,  and  Figure  15c,  is  a  micrograph  of  the  same  cone  3/^  ths 
of  the  wall  thickness  from  the  outer  surface.  All  micrographs  were 
taken  from  transverse  sections.  Referring  to  Figure  15,  it  will  be  seen 
that  the  cone  forming  process  has  deformed  the  outer  surface  of  the  cone 
very  heavily.  The  elongated  grains  seen  in  Figxare  15b,  are  representative 
of  an  cone  lots .  The  structure  of  the  cone  metal  near  the  inner  wall 
shows  the  effect  of  the  deformation,  but  the  effect  is  slight  comiiared 
to  that  near  the  outer  wall.  Between  the  two  types  of  structvire  repre¬ 
sented  by  Figures  15b  and  c,  there  Is  a  transition  region  from  the  very 
heavily  worked  metal  to  the  more  normal  structure  and  it  Is  difficult 
to  determine  the  exact  separation  line  between  the  two  regions. 
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The  depth  of  the  heavily  worked  region  varies  frcm  one  lot 
of  cones  to  the  next,  as  may  be  seen  in  Table  IV.  These  measurements 
Include  the  transition  zone,  the  thickness  of  which  is  more  variable 
than  the  outer  zone  of  heavily  distorted  grains.  The  depths  are  plotted 
in  Figure  l6  as  a  function  of  spin  compensation  frequency. 

Table  IV 

Combined  Depth  of  Cold  Worked  Layer  and  Transition  Zone  in  Spun  Liners 


Cone  Lot 

Depth  of  Layers 
(inches ) 

Spin  Frequency 
(cps) 

A 

0.050 

-25 

B 

.  .020 

-20 

C 

.019 

-8 

D 

.022 

+10 

E 

.026 

+10 

F 

.050 

+15 

G 

.050 

+20 

H 

.056 

+22 

I 

.056 

+25 

J 

.059 

+25 

K 

.04l 

+55 

To  determine  the  effect  of  this  cold-worked  region  on  the  spin- 
compensation  frequency,  as  compared  to  the  normal  structure  in  the 
rest  of  the  cone,  metal  was  removed  from  the  outer  and  inner  surfaces 
of  cones  from  different  lots,  eind  their  spin- compensation  frequencies 
determined.  Results  from  these  tests  are  reported  for  Cone  Lot  H  in 
Table  VIII.  The  results  are  eJ-so  typlceil  of  those  from  the  Lots  A  and 
K. 
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Table  V 

Effect  on  Spin  Compensation  Frequency 
of  Removing  MetaL  from  Liners  of  Lot  H 


Treatment 


Spin  Frequency 
(cps) 


a.  NormaJL,  no  metal  removed  from  either  waJJ. 

b.  0.015  inches  metal  removed  from  the  outer  wall 

c.  0.050  inches  metal  removed  from  the  outer  wall 

d.  0.020  Inches  metal  removed  from  the  inner  wall 

e.  0.050  inches  metal  removed  from  the  inner  wall 


+22 

+22 

-»22 

0  to  +5 
0 


While  the  loss  of  the  outer,  heavily-worked  regions  in  the 
cones  has  no  apparent  effect  on  the  spin-canpensation  freqxiency,  the  loss 
of  metal  from  the  inner  wall  completely  removes  the  spin- compensation 
effect. 

b.  Other  Observations. 

No  consistent  variation  of  any  other  parameter  with  the 
spin  compensation  frequency  was  observed  using  metallographic  techniques. 
Although  the  cones  eire  reportedly  OFHC  copper,  there  is  a  large  amount 
of  copper  oxide  distributed  throughout  the  metal.  A  consistent  pattern 
of  distribution  of  the  oxide  was  not  observed  to  change  with  spin  compen¬ 
sation  freqAjency. 

Under  heavy  etching  with  1:1  HNO^,  a  series  of  strain 
lines  were  observed  that  followed  the  pattern  formed  on  a  cone  when  a 
network  of  lines  is  scribed  on  the  blank,  as  described  previously. 

Again,  no  useful  variation  of  these  strain  markings  was  observed  from 
one  lot  of  cones  to  another. 
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3.  Conclusions.  The  following  conclusions  are  drawn  from  the 
results  of  the  metallographlc  Investigation: 

a.  The  heavily  cold- worked  layer  on  the  outer  surface  of 
the  cones  from  a  given  lot  does  not  caus^  ''hullt-ln" 
spin  compensation. 

b.  The  presence  of  inclusions  or  strain- flow  markings  does 
not  contribute  to  spin  compensation. 

c.  Residual  shearing  stresses  do  not  produce  spin  compen¬ 
sation  since  the  removal  of  metal  from  the  outer  and 
Inner  walJ.s  has  different  effects. 

d.  The  spin  compensation  probably  arises  from  an  intrinsic 
property  of  the  metal,  such  as  a  variation  in  crystal¬ 
lography,  since  the  removal  of  the  metal  from  the  inner 
surface  decreases  the  spin  compensation. 

With  the  above  In  mind,  a  systematic  investigation  of  the 
crystal  structure  was  carried  out,  using  X-ray  diffraction  techniques. 
This  investigation  is  reported  in  the  following  section. 

D.  Preferred  Orientation  Studies 

1.  Theory.  Copper  is  a  face-centered  cubic  material,  having 
no  known  low- temperature  or  high- temperature  allotropic  transformations 
The  only  variation  possible  in  a  polyciystalline  specimen  is  the  lack 
of  complete  randomness  in  the  orientation  of  the  grains  of  the  metej.. 

If  the  grains  are  of  similar  orientations,  a  number  of  planes  of  the 
same  type  will  lie  in  a  preferred  direction  with  respect  to  the  surface 
This  "preferred  orientation"  may  be  studied  thru  the  use  of  X-ray 
diffraction  techniques.  These  methods  depend  upon  very  precise 
experimental  work  for  measuring  intensities  of  diffracted  X-ray  beams. 

The  specimens  vised  are  either  small  solid  cylinders  of  metal, 
machined  from  the  section  to  be  studied,  or  flat  specimens.  Both 
back- reflection  and  transmission. pat terns  are  usually  taken  with  the 
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ixax  specimenB  xo  cover  xne  necessary  range  of  singles  between  X-ray 
beam  and  the  specimen.  Figure  1?  illustrates  the  technique  used, 
where  an  X-ray  beam  impinges  on  a  metal  specimen  and  the  beam  diffracted 
from  an  atomic  plane  satisfies  the  Bragg  relationship  of 

nX  =  2d  Sin©  (7) 

where  X  =  wave  length  of  the  X-rays 

d  =  spacing  between  atomic  plsines 

a'tomic  plsji0 

n  =  an  integer,  generally  1  in  this  work 

The  diffracted  X-ray  beam  either  passes  through  the  specimen,  giving  a 
transmission  pattern  on  an  X-ray  film  suitably  placed,  or  is  reflected 
back  from  the  plane  to  an  X-ray  film  through  which  the  X-ray  beam  has 
passed  originally,  giving  a  back-reflection  pattern,  as  shown  in  Figure 
17.  The  experimental  arrangement  depends  on  the  various  values  of  the 
parameters  in  Bragg’s  law,  and  the  metal  section  to  be  investigated. 

As  seen  in  Figure  17,  the  diffracted  ray  from  one  plane  at 
one  point  in  the  X-ray  beam,  maintaining  the  angle  ©,  will  cause  one 
spot  on  the  X-ray  film.  If  there  is  random  orientation  of  the  grains 
in  the  metal  covered  by  the  area  of  the  X-ray  beam,  a  cone  of  diffracted 
rays  coming  from  all  of  the  possible  orientations  of  a  given  plane 
making  the  angle  Q  with  the  X-ray  beam,  will  cut  the  X-ray  film  in  a 
circle.  This  diffraction  ring  will  have  uniform  Intensity  for  random 
grain  orientation,  but  If  the  atanle  planes  tend  to  be  oriented  in 
one  direction,  the  int.pr)Fn‘-^Y  ^1,1  T'  become  greater  in  one  part  of  the 
ring and  less  at  others.  Therefore,  -the  variation  of  the  Intensity 
airoimd  the  diffraction  ring  is  a  suitable  measure  of  departures  from 
randomness  in  the  distribution  of  the  crystal  orientation  In  the 
metal. 
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FIG.  17 -ARRANGEMENT  FOR  TAKING  A  BACK  REFLECTION 

X-RAY  PAIITERN 


When  a  metaj.  has  undergone  plastic  flow,  the  random  orientation 
of  the  grains  is  generally  destroyed  and  the  grains  try  to  align 
themselves  In  some  configuration  that  depends  on  the  crystal  structure 
of  the  metal  and  the  nature  of  the  deformation  process.  !nae  manner  In 
which  a  given  atomic  plane  Is  aligned  with  respect  to  some  axis  In  the 
BX)eclmen  Is  called  the  "texture  pattern",  emd  this  i)attem  Is  consistent 
for  all  specimens  of  a  given  metal  if  conditions  of  deformation  are  held 
constant. 

Since  meteil  deformation  under  standard  conditions  follows 
definite  directions  on  specific  crystal  planes,  a  preferred  orientation 
or  "texture"  In  a  piece  of  metal  determines  the  mode  of  failure  of  that 
specimen.  This  accounts  for  preferred  flow  directions  in  worked  metals, 
and  coiild  possibly  explain  the  presence  of  a  preferred  flow  direction 
in  the  rotary- extruded  liners  that  exhibit  spin  compensation.  If  the 
metal  deforms  crystallographlcally  under  detonation  loading.  Evidence 
that  the  crystal  structure  Influences  collapse  of  a  liner  was  found  in 
the  firings  of  single -crystal  liners  mentioned  In  Section  II  -  b  of 
this  report.  The  presence  of  a  preferred  orientation  of  a  plane  along 
which  the  metal  flows  easily  in  the  cone  wall  could  produce  a  tangential 
component  of  metal  collapse  giving  rise  to  spin  compensation,  as 
discussed  in  Section  II  and  following  the  schematic  In  Figure  14.  The 
magnitude  of  the  rotation  will  depend  on  the  magnitude  of  the  tangential 
flow  component  imparted  to  the  material  forming  the  Jet. 

It  was  therefore  necessary  to  determine  the  following: 

a.  If  a  preferred  orientation,  or  textiure  pattern,  exists  In 
the  copper  liners,  emd.  If  it  does; 

b.  The  variations  of  the  orientation  with  position  In  the 
cone,  (if  any). 

c.  The  variation  of  the  amount  of  preferred  orientation  with 
the  spin-compensation  frequency,  (if  any). 

d.  An  explanation  for  the  flow  patterns  that  could  arise  from 
the  preferred  orientation. 


2.  Experimental  Procedures  and  Resiilta.  The  technlquea^tised  In 
examining  the  preferred  orientation  in  these  liners  differ  from 
standard  quantitative  practices  for  a  number  of  reasons,  moat  of  which 
are  concerned  with  the  nature  of  the  specimen  under  study.  Since  the 
■[ill}  plane  Is  the  slip  plane  In  copper  (see  Figure  l6)  under  normal 
conditions.  It  would  be  best  to  work  with  this  plane.  However,  to  do 
so,  transmission  diffraction  patterns  would  have  to  be  used,  which 
would  necessitate  the  use  of  very  -thin  specimens  or  special  back- 
reflection  techniques  would  have  to  be  employed. 

Since  several  hundred  X-ray  shots  were  necessary  for  surveying 
the  cones  from  each  lot,  it  was  impracticable  to  prepare  special 
specimens  Involving  lengthy  etching.  The  specimens  covild  not  be 
machined,  since  this  would  Impose  cold  work  on  them  and  alter  the 
surface  li^rs  being  studied.  The  curved  surfaces  of  the  specimens 
cause  a  broadening  of  the  diffracted  X-ray  beam,  and  emy  atteoqpt  to 
flat'ten  a  specimen  out  from  the  cone  would  naturally  change  the  results. 
In  addition,  the  technique  of  using  a  cylindrical  specimen  machined 
from  the  cone  wall  would  remove  the  possibility  of  determining  any 
change  In  orientation  from  the  outer  to  the  Inner  cone  wall,  nierefore^ 
the  following  procedure  was  used  In  this  stvidyj 

a.  Collimated  C  K  reidlatlon  was  used  In  the  back-reflection 

r  a 

technique.  Meas\irements  of  Intensity  and  angles  were  made  ■with  a 
microdensitometer  on  the  [220}  plane,  hereafter  referred  to  as  the  [lio} 
plane. 

b.  ^e  specimen  holder  held  the  entire  cone,  and  allowad  for 
three-circle  adjustment  -  l.e.,  rotation  of  the  cone  about  three  axes. 
Longitudinal  and  lateral  rotation  of  the  specimen  about  mutually 
perpendicular  axes  ■through  the  point  where  the  X-ray  beam  hit  the  cone 
was  provided  for,  -the  two  axes  forming  an  or-thogonal,  triaxlal  system 
with  the  X-ray  beam  as  the  third  axis. 
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with  THE  [no]  DIRECTION  IN  THE  (III)  PLANE 


c.  Cones  from  different  lots  were  X-rayed  at  various  points 
on  the  surface  of  each  cone.  Material  was  then  etched  from  the  outside 
of  the  cone  and  the  process  repeated, 

d.  Pole  figures  (plots  of  tlie  texture  pattern,  or  preferred 
orientation,  as  it  varies  eiround  the  axial  system  described  in  b  above) 
were  plotted  for  selected  points  in  different  lots  of  cones. 

e.  All  variables,  such  as  development  of  the  X-ray  film,  etc., 
were  maintained  constant  from  experiment  to  experiment. 

f .  Intensity  measurements  were  made  on  the  film  to  determine 
if  a  numerical  correlation  between  preferred  orientation  and  spin 
frequency  existed. 

g.  Intensity  absorption  correction  data  were  determined  for 
the  X-ray  diffraction  plctiures  taken  at  various  angles  of  Incidence 
between  the  X-ray  beam  and  the  specimen. 

(1)  Survey  of  the  liner  surface. 

Initially,  a  cone  from  Lot  A  was  examined  at  0.004" 
below  the  surface.  X-ray  patterns,  with  the  X-ray  beam  at  normal 
Incidence  to  the  liner  surface,  were  made  every  60°  around  the  cone  curd 
every  l/2"  from  the  base  to  the  apex..  The  patterns  obtained  were 
similar  in  i  cases  except  very  near  the  base  of  the  cone  and  at  the 
apex.  Cones  from  other  lots  were  checked  at  six  points  on  the  surface 
and  no  change  in  the  pattern  of  the  individual  lots  was  found  from  one 
point  to  the  next  on  a  given  liner. 

(2)  Survey  of  different  lots  of  liners  at  normal  incidence. 

A  point  one  inch  from  the  base  of  a  liner  was  chosen 

as  the  standard  region  to  be  examined,  and  normal  Incidence  X-ray 
diffraction  patterns  were  made  of  Cone  Lota  A  through  K  at  this  point, 
0.004"  below  the  outer  surface.  A  preferred  orientation  of  the 

was  found  In  each  cone  which  was  different  for  each  cone  lot. 
Figure  19  shows  the  diffraction  rings  for  cones  from  several  lots  of 
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liners.  It  may  be  seen  that  the  intensity  varies  Eiroimd  a  given  ring 
with  distinct  maxima  and  minima.  The  diffraction  rings  were  laid  off 
as  seen  schematically  in  Figure  20,  where  the  angles  5^^  8s  Sg  represent 


the  angle B  fros  the  horizontal  to  the  points  of  maxlmxim  Intensity  on 
exxner  sxne  ox  '^nc  clxxxx'cius.xwli  x'xug*  Table  VI  shows  the  data  for  the 
X-ray  observations  taken  with  the  Incident  beam  of  X-rays  perpendlcxilar 
to  the  liner  wall.  The  colvnnns  labeled  "intensity  Spread"  indicate 


the  width  of  the  regions  of  maxii 


>Mur  A**  .dh.  • 


"  (  -  iSg  )  "  is 


the  difference  in  Intensity  of  the  two  intensity  maxima  observed  on 
the  film.  [Qie  units  of  Intensity  measurement  ixsed  are  percent  llghl^ 
transmitted  through  the  film,  corrected  for  background  film  density* 
Therefore,  the  greater  the  Intensity  number,  the  weaker  the  diffracted 
beam  of  X-rays,  or  the  lighter  the  film. 


A  correlation  is  readily  seen  between  the  spin 
compensation  freq.uency  and  (  16^^  -  Ibg  )  .  !Ilils  is  plotted  in  Figure 
21  and  discussed  in  a  later  section. 
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FIG.  20 -MEASUREMENTS  TAKEN  ON 
X-RAY  PATTERNS 


FIG.  21 -DIFFERENCE  IN  INTENSITY  MAXIMA  vs.  SPIN  FREQUENCY 
FOR  .NORMAL  INCIDENCE  X-RAY  PATTERNS 
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Tabi^  VI 


Intensity  Data  from  Normal  Incidence  X-ray  Patterns 


cone 

Lot 

Intensity 

D^X^CLKJL 

1 

1  ro 

”T*  M  J  «  V 

junucuai  ujr 
Spjread 

-  I62 

QT^^  in  Primm 

J.J~L  < 

Freauancv 

“  — 2. - •/ 

A 

0° 

1 

0° 

+  2° 

-  8 

-25  rps 

B 

0 

+  5 

0 

+  2 

-  5 

-20 

C 

0 

+  2 

-15 

+  2 

-  1 

A 

—  V-/ 

r\ 

u 

A 

+  2 

J.1  R 

+  2 

+  1 

+10 

E 

0 

+  2 

+15 

+  2 

+  3 

+10 

F 

-5 

+  2 

+15 

1  2 

+  5 

+15 

G 

0 

+  2 

VJ 

+  2 

+  6 

1  b*  V 

I 

0 

+  2 

-10 

+10 

+  7 

+22 

J 

0 

+  2 

-10 

+10 

+  9 

■  +25 

K 

10 

+  2 

-20 

1  5 

+10 

+35 

Deep 

Drawn 

Liners 

1. 

+  5 

-4 

1  5 

-  1 

0 
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(3)  Studies  of  cone  Lots  A,  C,  and  K  at  different  depths 
from  the  outer  surface. 

Normal- Incidence  X-ray  patterns  were  taken  at  various 
depths  from  the  outer  surface,  using  cones  from  Lots  A,  C,  and  K. 

Table  VII  shows  the  results  from  these  experiments.  Several  observations 
may  be  made  concerning  the  pz*ef erred  orientations: 

(a)  The  region  of  strongly  preferred  orientation 
changes  fro©  one  side  of  the  diffraction  ring  to  the  other  as  X-ray 
patterns  are  taken  from  the  outer  to  the  inner  wall  of  the  liner, 
reaching  a  point  where  no  further  change  takes  place  in  the  inner  part 
of  the  cone  wall, 

(b)  Cones  showing  considerable  spin  compensation 
also  have  regions  of  randomly  oriented  metal  in  the  outer  half  of  the 
cone  wall. 

(c)  Cones  showing  little  spin  compensation  have  no 
region  of  random  orientation.  For  instance,  the  cones  from  Lot  C 
show  a  reversal  in  orientation  maxima  at  0.015"  below  the  outer 
surface . 


Table  VII 


Data  from  X-ray  Diffraction  Patterns  Taken  at  Various  Depths  from 

the  Outer  Surface 


Cone 

Depth  from 

6. 

Intensity 

Bo 

Intensity 

18,  -  16^ 

Lot 

Outer  Surface 

-A. 

Spread 

Spread 

K 

0.004" 

0° 

+  2° 

1 

H 

0 

0 

+10° 

+10 

0,010 

Q 

+10 

-10 

+10 

+  6 

0.020 

-10 

+10 

+20 

+10 

-  1 

0.030 

-  5 

+10 

+15 

1  5 

-  7 

O-OliS 

+10 

+10 

+15 

+  5 

-  7 

r\^  n' 

u.  wp 

+10 

•  1  r\ 

TXU 

+15 

1  5 

•7 

•  I 

0.085 

+10 

+10 

+15 

1  5 

-  7 

c 

^  1.  ft 

-txu 

.  ^0 

2 

-,^0 

.  oO 

T  C 

•1 

-  J. 

0.015 

+10 

+  5 

-15 

1  5 

+  2 

0.025 

+10 

+  5 

-15 

1  5 

+  2 

r\  rvlin 

a 

T'J.W 

_L  C 

Z  ^ 

_T  C 

z  ^ 

-1.  0 

1  ^ 

0.060 

+10 

+  5 

-10  . 

1  5 

+  2 

0.080 

+10 

+  5 

-10 

1  5 

+  2 

A 

0.004" 

n 

O’ 

n 

+10’ 

0 

O’ 

_Q 

+  2’ 

-  0 

0.010 

0 

+10 

0 

1  5 

-  7 

0.020 

0 

+10 

0 

+10 

-  2 

0.030 

420 

+  5 

0 

+10 

+  5 

0.045 

+15 

+  5 

0 

+10 

+  6 

0.065 

+15 

+  5 

0 

+10 

+  6 

0.085 

+15 

+  5 

0 

+10 

+  6 

Deep 

0.004" 

-  4° 

15° 

-  8° 

1  5° 

-  1 

Drawn 

/^  r\ 

1. 

1  c 

z  ^ 

a 

—  ^ 

^  c 

z 

1 

—  a. 

Liner 
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(4)  Variations  in  orientation  around  a  point. 

Work  reported  previously  was  of  the  survey  type, 
and  £ill  X-ray  patterns  were  made  with  the  beam  at  normal  incidence 
to  the  cone  wall,  with  the  cone  axis  in  a  vertlcle  plane.  In  this 
section  eure  reported  the  results  of  performing  rotation  studies; 
i.e.,  the  cone  is  rotated  in  3  degree  steps  about  each  of  two  axes 
throtigh  the  point  where  the  X-ray  beam  strikes  the  specimen.  One 
axis  in  the  specimen  holder  allows  rotations  to  the  right  or  left 
of  normal,  while  the  other  allows  rotations  above  or  below  normal. 

The  resultant  data  may  be  plotted  on  a  stereographic  net  and  will 
represent  the  concentration  of  the  poles  of  the  plane  under  study 
at  any  angle  to  the  cone  surface,  where  the  stereographic  net 
represents  that  surface.  These  plots  eire  discussed  in  Part  4  of 
this  Section. 

On  rotating  the  cone  above  and  below  normal,  little 
change  in  the  intensity  distribution  was  observed.  Rotating  to  the 
right  or  left  of  normal  changed  the  intensity  until  the  distribution 
between  the  two  maxima  became  equal.  Two  observations  were  made  on 
rotating  to  the  right  or  left  of  normal  (about  a  vertical  axis): 

(a)  The  points  at  which  18^  and  IS^  are  greatest 
occur  55  to  60°  apart  In  all  cases. 

(b)  The  may*"''™  valnea  of  TS-  and  I8_  occur 

'  '  —  "  I  iJ - 

approximately  50°  to  the  right  or  left  of  the  angle  at  which 

In  surveying  different  cone  lots,  the  single  of  equal 
intensity  of  and  I02  was  found  and  then  one  of  the  maxlTTft  was 
checked.  These  data  are  reported  in  Table  VIII. 
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Table  VIII 


Back  Reflection  X-ray  Data  on  Equal  and  Maximum 
Intensity  Distribution  for  the  {no}  Plane 


Cone 

Lot 

Depth 

Angle  of 

16^, Max  I52,Max 

Transmission 
16^  I62 

for: 

16,1 

182**' 

Angle  at  which 

=  I82 

A 

O.OOV 

25-50°R 

20-25°L 

8 

7.0 

22.0 

14.0 

5-10°R 

A 

0.065 

20-25  R 

50  L 

4.5 

4.0 

9.0 

A 

0.075 

20-25  R 

25-50  L 

4.5 

4.0 

8.5 

9.2 

5-  7°R 

A 

0.085 

20-25  R 

25-30  L 

4.0 

3.5 

7.0 

8.0 

0-  3°R 

B 

0.046 

20-25  R 

25-30  L 

3.5 

3.8 

6.0 

7.5 

3-  5°L 

C 

0.040 

20-25  R 

25-50  L 

11.5 

12.0 

16.0 

18.0 

0-  3°L 

F 

0.040 

30  R 

20  L 

6.5 

6.0 

15.5 

15.0 

5°R 

J 

0.040 

35  R 

20  L 

10.0 

19.0 

5-10°R 

K 

0.004 

20  R 

50  L 

3.0 

5.5 

8.0 

18.0 

10-15°L 

3.  Discussion  of  Results  and  Conclxoaions  from  X-Ray  Studies.  The 
X-ray  data  were  obtained  under  as  accurate  conditions  as  could  be  main¬ 
tained.  Calibration  curves,  correction  factors,  etc.,  were  determined 
and  applied  to  the  data.  All  measurements  on  the  film  were  made  with  a 
micro- densitometer  and  all  films  were  given  the  same  development 
treatment.  Inaccuracies  in  the  results  occur  from  two  sources:  (l)  fimal l 
differences  between  film  series  that  may  show  up  as  large  differences 
in  reading  the  films j  (2)  the  specimen  shape  introduces  errors  in  making 

X-ray  measurements ,  and  rotations  of  the  specimen  greater  than  50  degrees 
are  prohibited  by  absorption  differences. 

However,  since  the  work  involved  necessitated  the  use  of  the 
orlginel.  specimen,  and  goniometrlc  techniques  were  not  readily  adaptable 
to  the  problem,  the  techniques  used  were  considered  good  enough  for 
qualitative  compeirlsons .  Interpretation  of  the  various  experiments 
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follows,  with  conclusions. 

a.  Intensity  data  for  the  •^lio}  pleme. 

(1)  Data  from  Intensity  Measurements  on  Cones  A  through 
K.  Referring  to  Table  VI  and  Figure  21,  the  change  in  Intensity  around 
the  back- reflection  rings  In  Cone  Lots  A  through  K  may  be  ccmpeured  on 
the  basis  of  two  Intense  regions  found  on  the  rings.  The  two  regions 
are  referred  to  by  the  angles  8^  and  defined  In  Figure  20.  The 
variation  In  these  intense  regions  may  be  seen  in  Figvire  19  for  the 
different  cone  lots  In  the  normal- Incidence  diffraction  patterns  taken 
Just  below  the  outer  surface  of  the  liner.  The  deep  drawn  liner, 
which  shows  no  spin  compensation,  has  regions  of  almost  equal  Intensity 
at  8^  and  5^. 

Figvire  21  is  a  plot  of  the  difference  In  intensity 
in  the  two  regions,  (I5j^  -  IS^),  for  the  normal  Incidence  X-ray  patterns, 
as  a  fvmction  of  the  spin- compensation  frequency.  A  linear  relationship 

is  found  that  is  well  within  the  experimental  errors  encountered  in  the 

flash-X-ray  determination  of  spin  frequency  and  the  intensity  measure¬ 
ments  on  the  diffraction  rings. 

(2)  Intensity  Changes  from  the  Outer  to  the  Inner  Wall, 
Ifeble  VII  and  Figure  22  show  the  change  in  (18^^  -  IBg)  for  a  given 
cone,  from  the  outer  to  the  inner  wall,  for  normal  incidence  studies. 

The  change  for  cones  having  little  or  no  spin  compensation  is  very 
slight^  as  seen  for  Cone  Lot  C .  For  liners  showing  large  spin  compen¬ 
sation,  the  change  is  linear  to  the  point  where  the  intensity  differences 
become  constant. 

(3)  Comparisons  with  Maximum  and  Equal  Intensities.  Table 

DC  and  Figure  23  show  the  ratio  I6J/I8  max  as  a  function  of  spin  compen¬ 
sation  frequency  for  the  various  cone  lots  where  I8_^  is  the  maximum 

intensity  of  the  diffracted  beam,  with  the  X-ray  beam  perpendicular  to 
the  cone  wadi,  and  18  max  is  the  maximum  intensity  found  for  the  dif¬ 
fracted  beam.r  Figure  24  is  a  plot  of  the  angle  at  which  18^  =  IBg  vs 


60 


FIG  22-DIFFERENCE  IN  INTENSITY  MAXIMA  FROM  THE 
SURFACE  TO  THE  INTERIOR  OF  A  CONE  WALL 
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FIG.  24  ANGLE  AT  WHICH  IS, =  18,  VS.  SPIN  COMPENSATION  FREQUENCY 


the  spin  compensation  frequency.  Figures  23  and  24  show  linear  re¬ 
lationships  of  Intensity  data  with  spin  compensation  frequency  for  the 
■[no}  plane,  within  the  limit  of  accuracy  of  the  measurements. 


Table  IX 

Data  on  the  Variation  of  In-tensity  Ratios  for  Different  Cone 
Lots  and  Different  Depths  in  the  Cone  Wall 


Cone 

Lot 

max 

max 

Depth  from  -the 
Outer  Surface 

A 

2.0 

2.75 

0.004” 

A 

2.25 

1.80 

0.075” 

A 

2.50 

1.89 

0.085” 

A 

2.29 

1*75 

Q.090” 

B 

1.97 

1.72 

0.046” 

n 

Kj 

1.50 

1.59 

0.040” 

F 

2.12 

2.59 

0.038” 

K. 

3.2? 

2.67 

0.005” 

K 

2.33 

2.85 

0.065” 

b.  Conclusions  from  the  data. 

The  following  conclusions  may  be  drawn  from  the  data 
reported  above: 

(l)  The  spin- compensation  frequency  of  rotaury  extruded 
liners  is  a  function  of  the  concentration  of  1 110^  plemes  oriented 
at  a  given  angle  to  the  surface.  Sta-ted  another  way,  as  the  spin- 
compensation  frequency  increases,  the  difference  in  intensity  of  the 
two  maxima  found  on  the  diffraction  ring  increases ,  indicating  the 
dependence  of  spin  compensation  on  the  grouping  of  a  given  plane  in 
one  position. 
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(2)  The  metal  flow  in  >-'ie  liner  during  the  forming 
process  is  opposite  and  unequal  at  the  outside  and  inside  surfaces 
of  the  liner.  The  difference  in  flow  between  the  two  s\irfaces  causes 
a  difference  in  orientation  of  the  intensity  maxima  from  the  Inside  to 
the  outside  surfaces. 

(5)  Since  the  ratio  max),  and  the  angle  at 

which  16^  =  I&2  vary  linearly  with  spin  frequency,  it  would  appear 
that  the  more  nearly  the  |llOj’  planes  lie  in  the  plane  of  the 
surface,  and  the  heavier  the  concentration  of  planes  at  a  given  angle 
near  the  surface,  the  higher  the  spin  frequency. 

4.  Pole  Figure  Studies.  By  rotating  the  specimen  in  5  degree 
steps  above  and  below  normal,  and  to  the  left  and  right  of  normal,  as 
reported  in  this  Section,  Peurt  2-d,  the  variation  in  the  concentration 
of  '^lioj-  planes  around  a  given  point  is  obtained.  Due  to  the 
limitations  Imposed  on  the  system  by  the  specimen  shape,  rotations 
above  50  degrees  from  normal  are  not  meaningful.  By  plotting  the 
concentration  of  the  poles  of  the  |  110 j-  planes  on  a  stereographic 
net,  where  the  plane  of  the  net  represents  the  svirface  of  the  specimen, 
a  picture  is  built  up  of  the  angular  relationships  between  the  Uoj- 
planes  (or  poles)  and  the  specimen  surface.  This  has  been  done  for 
Cone  Lots  A  and  K  at  points  0.010"  and  O.O85"  below  the  outer  surface 
of  the  cone,  and  the  results  may  be  seen  in  Figure  25  a,  b,  c,  and  d. 

These  figirres  may  be  read  as  follows:  The  circle  represents 
the  plane  of  the  specimen  and  the  X-ray  beam  is  striking  the  specimen 
perpendicular  to  this  surface.  From  the  center  of  the  projection  to 
an  edge  represents  90°  of  arc.  The  dashed  circle  on  the  projections 
represents  the  basic  diffraction  ring  of  the  Uoj'  planes  when  the 
X-ray  beam  is  perpendicular  to  the  specimen. 

The  heavy  cross-hatched  areas  represent  the  highest  concen¬ 
trations  of  poles  of  I  llo|  planes  at  the  angles  to  the  specimen 
surface  that  are  measured  from  the  center  of  the  projection  to  the 
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FIG.  25c-i»OLE  FIGURE  STUDY  OF  CONE  FROM  LOT  A  AT  085" 
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FI6.  25d-P0LE  FIGURE  STUDY  OF  CONE  FROM  LOT  K  AT  0.85" 


cross-hatched  area,  using  a  stereographic  net.  The  areas  on  the 
projection  with  parallel  lines  through  them  indicate  pole  concen¬ 
trations  less  than  half  of  that  found  in  the  heavily  hatched  areas. 
Unmarked  regions  represent  eireas  where  concentrations  of  |lloj’ 
poles  eire  practically  zero. 


It  is  interesting  to  note  the  lack  of  symmetry  in  these 
flgvu’es.  Normal  {no}  pole  figures  of  cold  rolled  copper  would 
show  a  symmetrical  distribution  of  heavy  and  light  concentrations  of 
|llo|^  poles  to  the  specimen  surface,  largely  due  to  the  fact  that 
more  than  one  slip  system  operates  in  metal  deformation.  Under  the 
conditions  of  deformation  observed  here,  restrictions  in  the  defor¬ 
mation  mode  cause  concentrations  of  poles  in  specific  sections  without 
regard  to  symmetry  relationships.  The  center  regions  of  the  pole 
figures  are  not  filled  in  with  experimental  data  (indicated  by  the 
dashed  lines)  but  are  assumed  to  follow  the  data  near  the  center. 

Poles  have  been  placed  on  the  Figures  25#  c  and  d,  to 
conform  with  relationships  between  planes  in  a  single  crystal,  the 
single  crystal  plot  being  an  ideal  pole  figure  since  all  of  the  poles 
of  the  different  planes  are  concentrated  at  specific  points.  In 
addition,  the  ideal  |  pole  relationships  have  been  superimposed 

on  the  figures,  and  are  represented  by  the  triangles.  Since  the  (111)' 
plane  is  the  slip  plane  in  the  metal  xinder  normal  loading,  it  has  been 
assumed  that  the  (ill)  plane  is  still  the  slip  plane  under  detonation 
losidlng. 


In  the  case  of  cone  Lot  A,  it  can  be  seen  in  Figure  25c  that 
two  I  poles  occur  at  45°  and  46°  to  the  surface,  but  in  Cone  Lot 

K,  Figure  25d,  only  one  pole  is  fovmd  to  be  45°  to  the  surface,  while 
the  other  poles  are  at  50°  and  62°  respectively.  These 

results  may  be  interpreted  as  follows : 

The  {ill}  pole  at  45  degrees  to  the  surface,  which  is  the 
pole  of  a  plEuae  (90-45)  =  45°  from  the  surface,  offers  an  easy  path 
for  collapse  of  the  liner  under  the  detonation  loading,  providing 
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the  path  necessary  to  create  a  tangential  collapse  component  as  discussed 
previously  in  the  Theory  Section,  II-c.  In  the  case  of  Cone  A,  however, 
there  are  two  {ill}  poles  lying  at  45  and  46  degrees  to  the  surface, 
and  consequently  two  { 111}  planes  cut  the  surface  at  an  angle  (90  -  ^ 
of  the  pole),  or  45°  and  44°  respectively.  It  may  he  argued  that  the 
detonation  wave  moving  down  the  liner  surface  observes  one  of  the  {ill} 
pleines  at  the  proper  angle  and  collapse  starts  down  that  plane.  But 
the  other  plane  at  44°  feels  the  effect  of  the  pressure  on  the  surface 
and  some  flow  will  start  down  it.  These  two  components  of  flow  are 
cancelling,  to  a  degree,  reducing  the  overall  effectiveness  of  the 
preferred  collapse  process.  Any  orientation  that  allows  one  plane  to 
carry  most  of  the  collapse  process  gives  more  spin  compensation,  and 
cone  Lot  K  has  only  one  plane  at  45  degrees,  while  the  other  plane  is 
located  at  40  degrees  to  the  surface. 

This  is  an  oversimplification  of  the  problem.  The  quaill- 
tatlve  nature  of  the  data  restricts  complete  analysis  as  to  the  proper 
slip  direction  in  the  slip  plane.  At  the  present  time,  however,  that 
is  not  necessary  if  it  can  be  demonstrated  that  a  metal  will  collapse 
crystallographically,  or  deform  along  crystallographic  planes  under 
detonation  loading.  This  has  been  attempted,  and  results  from  one 
such  experiment  are  reported  in  the  next  section. 

E.  Determination  of  Deformation  Mode  of  a  Copper  Single  Crystal  Under 
Explosive  Impulse 

1.  Experimental  Procedure.  If  the  implications  in  the  above 
analysis  are  correct,  it  shovild  be  possible  to  deform  single  crystals 
with  explosives  and  observe  the  deformation  process  taking  place 
along  crystallographic  directions  on  certain  crystal  planes.  To 
determine  whether  or  not  this  is  trvie,  a  simple  experiment  in 
Impulsive  loading  of  a  single  crystal  was  undertaken,  the  results 
of  which  are  described  here. 
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Referring  to  Figure  26,  a  single  crystal  cylinder  of  copper, 
2.8”  outside  diamter  and  1  l/4”  long,  with  an  inside  diameter  of 
0.75”;  was  loaded  with  an  explosive  charge  in  the  center,  and 
detonated  from  one  end.  Figure  27  shows  a  recovered  section  of  the 
cylinder  after  the  detonation.  The  following  data  were  recorded  in 
the  experiment: 

a.  Framing  camera  pictures  were  taken  observing  the  end  of 
the  cylinder  as  it  deformed.  The  framing  speed  was  approximately  10'^ 
frames  a  second. 

b.  Back- reflection  Laue  X-ray  plctxires  were  made  of  the 
specimen,  before  and  after  deformation,  at  the  same  point  on  the 
crystal. 

c.  Measurements  were  made  on  the  change  in  shape  and  the 
change  in  orientation  of  the  crystal  due  to  the  deformation. 

2,  Results.  Figure  28  is  a  stereographic  plot  of  the  poles  of 
the  {lOo}  t  planes  in  the  crystal  before  and 

after  deformation,  as  determined  by  X-ray  eumlysis .  The  end  of  the 
single  crystal  cylinder  lies  in  the  plane  of  the  paper,  the  specimen 
axis  lying  directly  in  the  center  of  the  plot.  The  poles  would  cut 
the  surface  as  indicated.  It  may  be  seen  that  a  rotation  of  the 
poles  about  the  specimen  axis  has  occurred  during  the  deformation 
process.  This  may  be  interpreted  in  another  manner;  the  specimen  axis 
has  rotated  its  position  with  respect  to  the  poles  of  the  planes  in 
the  single  crystal.  This  is  what  wo\ild  be  expected  if  the  metal  failed 
eilong  crystallographic  planes.  Figvire  29  is  a  plot  of  the  specimen 
axis  in  a  standard  cubic  stereographic  projection  triangle,  before  and 
after  deformation.  The  movement  of  the  specimen  axis  is  similar  to 
that  movement  which  is  expected  under  normal  loading  conditions. 

Matching  fractiured  surfaces  In  the  deformed  crystal,  it  can 
be  seen  that  metal  flow  has  taken  place  In  such  a  manner  as  to  "square 
up"  the  cylinder,  as  seen  in  Flgiure  27*  There  are  two  stress  fields 
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FIG.  26 


CROSS  SECTION  OF  SINGLE  CRYSTAL  CYLINDER 


FIG.  27  RECOVERED  SECT  ION  OF  THE  SINGLE  CRYSTAL 
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FIG.  29  PLOT  OF  THE  SPECIMEN  AXIS  IN  A  STANDARD 
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of  importance  in  the  deformation:  (l)  tensile  stresses  developed 
through  release  waves,  resolved  in  a  direction  parallel  to  the  cylinder 
axisj  and  (2)  tangential  tensile  forces  in  the  cylinder  wall  due  to 
the  internal  pressure.  These  produce  crystallographic  flow  and 
fracture . 

Figure  50,  a  and  b,  represents  the  cylinder  end  before  and 
after  the  deformation.  Using  the  stereographic  plots,  the  intersections 
of  the  {m}  planes  and  the  cylinder  surface  were  placed  in  position 
on  the  cylinder  end.  Flow  along  these  |  ini’  planes  under  the  combined 
stresses  would  reduce  the  cylinder  walls  at  the  proper  places,  building 
them  up  at  the  points  noted  in  the  pictures,  and  tending  to  form  a 
square. 

5.  Conclusions .  While  the  above  discussion  is  an  over- s implication 
of  the  analysis  involved,  the  following  conclusions  can  be  deduced 
(applying  to  the  given  set  of  experimental  conditions  used): 

a,  Grystallographlc  flow  begins  early  in  the  deformation 

process. 

be  Flow  occurs  pr^do^nlnajitly  along  the  {m}  plane  in  the 
r  no]  direction  with  consequent  rotation  of  the  specimen  axis . 
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IV.  SUMMARY 


The  causative  relationship  between  spin  compensation  in  rotary- 
-extruded  liners  and  the  asymmetric  orientation  of  the  grain  structure 
in  the  metal  is  evident  from  the  experimental  results.  It  is  also 
clear  that  the  mechanism  described  for  the  deformation  of  the  liner 
metal  under  the  explosive  impulse  will  resxilt  in  a  tangential  component 
of  the  collapse  velocity  and  consequently  in  a  tendency  for  spin 
compensation.  The  model  presented,  however,  does  not  explain  in  what 
manner  the  angular  momentum  of  the  liner  is  conserved  during  the  process. 

A  somewhat  different  approach  to  the  model  of  the  phenomenon  is 
perhaps  more  convenient  for  the  purpose  of  considering  coixservatlon  of 
angular  momentum.  The  preferred  directions  of  deformation  resulting 
from  the  grain  orientation  can  be  described  in  an  entirely  equivalent 
fashion  as  an  orientation  of  the  shock  pulse  traversing  the  oriented 
grains.  If  the  transfer  of  energy  takes  place  more  rapidly  along  close 
packed  atomic  planes  than  along  those  in  which  packing  is  less  dense, 
a  highly  localized  orientation  of  the  shock  wave  takes  place  which  will 
be  governed  by  the  degree  and  direction  of  the  grain  orientation. 
Furthermore,  the  orientation  of  the  initial  ccanpressive  shock  traversing 
the  metal  will  be  preserved  upon  reflection  from  the  free  inner  surfaces 
of  the  liner  in  the  reflected  tension  wave. 

A  net  change  in  angular  momentum  of  the  liner  material  cannot  be 
effected  during  the  time  required  for  the  initial  compression  wave  to 
traverse  the  liner  from  outer  to  inner  surface,  since  there  is  no  other 
portion  of  the  system  to  which  momentum  can  be  transferred.  On  the 
other  hand,  when  the  reflected  tension  wave  arrives  at  the  outer 
surface  of  the  liner,  having,  at  least  in  a  highly  localized  sense,  a 
tangential  component  of  velocity,  a  transfer  of  angu3,ar  momentum  to  the 
surrounding  gaseous  products  of  detonation  can  be  expected.  Furthermore, 
the  direction  of  the  angular  momentvun  transfer  to  the  gases  will  be 
opposite  to  the  change  in  angular  momentum  of  the  liner  metal.  In  this 


79 


way,  a  net  change  In  the  angular  momentum  of  the  metal 
effected  and,  consequently,  the  angular  momentum  of  the 
whole  conserved. 

A  similar  mechanism  of  transfer  of  angvilar  momentxmi  has  been 

25 

proposed  for  fluted  liners  having  flutes  on  the  Inner  sxirface  only. 

As  In  the  case  of  the  rotary  extruded  liner,  there  Is  no  apparent 
mechanism  by  which  angular  momentum  can  be  transferred  prior  to  the 
arrival  of  the  reflected  tension  wave  at  the  outer  surface  of  the  liner. 
In  the  case  of  the  fluted  liner,  the  orientation  of  the  reflected  tension 
wave  is  produced  by  the  asymmetric  fluted  geometry  of  the  inner  surface. 
As  in  the  case  of  the  rotary-extruded  liners,  liners  having  flutes  on 
the  Inner  surface  only  have  been  observed  to  produce  only  relatively 
small  spin- compensation  frequency.  This  observation  Is  entirely 
reasonable  In  view  of  the  attenuation  of  the  product  gases  during  the 
time  required  for  the  Initial  compressive  shock  and  the  reflected  tension 
wave  to  traverse  the  wall  of  the  liner.  Under  these  conditions,  the 
surrounding  gases  will  have  lower  density  than  immediately  after  the 
passage  of  the  detonation  wave  and  would  presumably  be  capable  of 
absorbing  less  angular  momentum.  In  addition,  the  attenuation  of  the 
shock  wave  while  traversing  twice  the  thickness  of  the  liner  would 
tend  to  limit  the  magnitude  of  the  compensation  frequency  attainable. 

In  the  case  of  liners  having  flutes  on  the  external  surface,  the 
transfer  of  angular  momentum  to  the  product  gases  can  take  place  Immedi¬ 
ately  upon  arrival  of  the  detonation  wave  at  a  cross-section  of  the 
liner,  since  the  orientation  of  the  shock  reflected  into  the  product 
gases  Is  effected  by  the  external  geometry  of  the  liner.  Consequently, 
it  would  be  expected,  as  obseinred,  that  liners  having  asymmetric 
external  geometries  would  produce  higher  compensation  frequencies  than 
either  liners  having  only  internal  flutes  or  rotary- extruded  liners. 

Experimental  support  for  the  mecheualsm  proposed  Is  obtained  from 
two  short  experiments  In  which  the  velocity  of  propagation  of  deformation 
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waves  in  single  crystals  have  been  measured.  Unpublished  results  by 
Messrs.  Hauver  and  Moss,  of  the  BRL,  have  noted  the  following  results 
for  the  deformation  wave  velocity: 


(1)  Single  Crystalline  Copper  Specimen. 

(lOO)  type  plane  perpendicular  to  the  deformation  wave; 

V  =  4.65  mm/ps 

(2)  Single  Crystalline  Copper  Specimen. 

(211)  type  plane  perpendicular  to  the  deformation  wave: 

V  =4.66  mm/ps 

(3)  Polycrystalline  Copper  Specimens;  V  =4.50  mm/ps 

While  the  differences  in  propagation  velocities  observed  are  small, 

_ _ J_  1- ^  J _ _ _ J  -.*1 _ _ -..TT  ^ 
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unreasonable . 


The  second  source  of  support  is  a  series  of  experiments  conducted 
by  Mr.  J.  Simon  of  BRL  on  liners  made  by  rotary  extrusion  and  having 
flutes  on  the  interior  surface.  In  this  experiment,  it  was  observed 
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the  frequencies  to  be  expected  from  the  rotary  extrusion  process  el  one 
and  from  the  flutes  alone,  indicating  that  the  total  tangential  com¬ 
ponent  of  the  re-oriented  shock  wave  was  the  resultant  of  the  components 
arising  from  the  two  separate  mechanisms. 


In  conclusion,  it  is  conceivably  possible  to  increase  the  spin 
compensation  rate  of  rotary  extruded  liners  if  a  heavier  concentration 
of  planes  can  be  formed  at  the  proper  angle  to  the  cone  surface.  By 
proper  processing  of  the  blank  material  used  in  forming  the  cones,  a 
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However,  attempts  to  do  this  will  be  delayed  until  exi>erlinental 
evidence  Is  obtained  concerning  the  preictlcal  limitations  Imposed  on  the 
system  by  the  difference  In  shock  velocities  between  crystal  planes  and 
the  polycrystalline  metal. 
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Rei)ort 

Conical  shaped  chsrgCK  Hjiers  maiiul!‘actured  by  tlie  rotary  eixtr-uslon  process 
extilblt  a  characteristic  "splji  ccnpensatlcm"  not  found  In  an  ordinary  liner.  It 
ha£i  been  det<innlned  that  ibhls:  ability  to  counteract  degradation  of  the  Jet  when 
thes  round  Is  being  subjecited  to  an  extesmal  rotation  Is  dependent  on  the  manner  In 
which  certalja  ci-ystal  planes  are  aligned  wrlth  respect  to  the  surface  of  the  cone. 
Dli*ect  corre^Latl-on  betii#een  the  pref<Brr«»d  orientation  of  the  pJLanes  and  the  spin 
cooipensatlon  f^e^quency  has  been  foujad.  In  addition.  It  has  been  demons  trailed  that 
otlier  factors,  such  ae  reslduial  stress grain  shiipe,  etc.,  do  not  Influence?  the 
ccBipensatlon  rat;e. 
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Conical  shajped  chsirge  lliners  xnsinufactiLired  by  the  rotajry  f?xtru8lon  process 
exhibit  a  characteristic  "spin  compejnsatlon"  not  found  In  Jin  ordinary  liner.  It 
has  been  determined  theit  this  abiLlity  to  couniberEict  degradation  of  the  Jet  when 
the  round  is  beljrig  subjected  to  an  external  rotation  is  dejpendent  on  the  manner  In 
which  certain  crystal  planes  isre  aligned  with  reejpect  to  the  surface  of  the?  cone. 
Direct  coiTelation  i^etween  the  pireferred  orientation  of  the  pJLanes  and  the  spin 
compensation  frequency  has  been  found.  In  addition.  It  has  b«?en  demons traited  that 
other  factors,  such  as  residual  stress,  grain  shEipe,  etc.,  do  not  influence  the 
compensation  rate. 


It  Is  piroposed  that  under  detonation  loading;  there  exists  a  component  of 
coJJapse  velocity  of  tltie  JLlner  vail  thsit  Is  not  directed  towaird  the  axis  ol'  thie 
cone.  This  tan^sentlal  component  results  from  the  preferred  orientation  of  the 
crjrBtal  planes,  and  gives  an  angular  velocity  to  the  collapsing  cone  elements  that 
compensates  for  the  an^a^ular  velocity  due  to  exte]maJ.  rotation  of  the  round.,  Ex¬ 
perimental  e^fldeince  la  offercjd  to  show  that  a  mental  having  a  strong  pre fenced  orl- 
ent^tlon  wlLL  de?form  ajala<3troplcally  under  detonation  load; 
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lit  is  proposed  theit  under  detonation  loading;  there  exists  a  compoment  of 
collapse  velocity  of  tfcie  liner  wall  that  Is  not  directed  towai-d  the  axis  of  the 
cone.  Thi-s  tangential  component  results  from  the  preferred  orientation  of  the 
crystal  planes,  jand  gives  an  angular  velocity  to  the  collapsing  cone  elements  thp. 
corapensaters  for  the  an^^ular  velocity  due  to  external  rotation  of  the  round.  Ex 
perimental.  evidence  is  offered  to  show  that  a  metal  having  a  Ktrong  preferred  ori 
entatlon  vriH  defono  axilsotroplcially  under  detoneition  li 
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Conical  shaped  charge  liners  manufactured  by  the  rotary  ext:ruslon  process 
exJblbit  ai  characteristic  "spin  ccmpensatlon"  not  found  In  an  ordlnai'y  liner.  It 
hais  been  determined  that  this  ability  to  counteract  degradation  of  the  Jet  when 
the  round  Is  being  subjected  to  an  extemiil  rotation  is  dependent  on  the  manner  In 
which  cer-taln  crystal  planes  are  aligned  with  respect  to  the  surface  or  the  cone.. 
Dl:rect  correlation  between  tlie  preferred  orientation  of  the  plaines  and  the  spin 
compensation  frequency  has  b<*en  found.  In  addition,  it  has  been  demonstrated  theit 
other  factors,  isuch  as  residual  stress,  giraln  shape,  etc.,  do  not  Influence  the 
compensation  rate. 


Conical  shaped  charge  linens  manufactured  by  the  rotary  extrusion  process 
exhibit  a  characteristic  "spin  cjanpejnsation"  not  found  In  lan  ordinary  liner.  It 
has  been  determined  theit  this  ab;Llity  to  counteract  degradation  of  the  Jet  when 
the  rojind  is  being  subjected  to  an  external  rotation  Is  de;pendeDt  on  the  manner  in 
which  cerlialn  crystal  planes  are  aligned  with  respect  to  the  surface  or  the  cone. 
Direct  correlation  betv^een  the  preferred  orientation  of  the  planes  and  the  spin 
compensation  frequency  has  been  found.  In  addition.  It  has  b«?en  demonstrated  th8.t 
other  factors,  such  as  reslduad  stress,  grain  shape,  etc.,  do  not  influence  the 
compensation  rate. 


It  la  proposed  that  undar  detonation  loading  there  exists  a  conaponent  of 
co:Llapse  velocity  of  the  liner  wall  that  is  not  dlnscted  toward  the  axis  of  tlie 
cone.  This  tan^jentlal  canponert  results  from  the  preferred  orientation  of  the 
cr^rstal  planes,  and  gives  an  angular  veloc:lty  to  the  collapsing  cone  elements  theit 
coiopensates  for  the  anguLar  irelocity  due  to  external  rotation  of  the?  round,  lix- 
perlmental  evldejnce  Is  offerejd  to  show  theit  a  metal  having  a  strong  preferred  orl- 
en^batlon  will  deform_a.alj<jtrQplca3JLy__u]adei;;_deJ^n at  1  on  1  oad i^ . 


It  la  proposed  that  under  detonation  loading;  there  exists  a  component  of 
collapise  vrelocity  of  tlie  liner  wiall  that  Is  not  directed  towajrd  the  axis  of  the 
cone.  This  tangential  component  reesults  from  the  preferrel  orientation  of  the 
crysta;L  pJ^anes,  Buid  givres  an  eingulax'  velocity  to  the  ccUapslisg  cone  elements  that 
compensates  for  the  an^^ular  velocity  due  to  external  rotation  of  the  round.  Ex- 
perimentaJ.  evidence  Is  offered  to  show  that  a  meibal  having  a  strong  prefer:ped  ori¬ 
entation  v^ill  defono  axil aotropi  riO  1  y  under  de  tomitlon  loading. 


